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Abstract
We calculate gaugino masses in string-derived models with hidden-sector
gaugino condensation. The linear multiplet formulation for the dilaton super-
eld is used to implement perturbative modular invariance. The contribution
arising from quantum eects in the observable sector includes the term re-
cently found in generic supergravity models. A much larger contribution is
present if matter elds with Standard Model gauge couplings also couple to the
Green-Schwarz counter term. We comment on the relation of our Ka¨hler U(1)
superspace formalism to other calculations.
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It was recently pointed out [1, 2] that the super-Weyl anomaly of standard N = 1
supergravity generates a gaugino mass proportional to the beta-function coecient,
which may solve the problem of small gaugino masses found in certain classes of
models.
In this paper we consider a class of string-derived models [3]{[5] in which gaug-
ino condensation occurs in a hidden sector with modular invariant couplings. That
is, the eld theoretic quantum anomaly that breaks invariance under the modular
transformation (T-duality)
T ! aT − ib
icT + d
, ab− cd = 1, a, b, c, d 2 Z, (1)
is explicitly canceled by a universal Green-Schwarz (GS) counter term together with
model-dependent string threshold corrections. Gaugino masses in these models were
found in [5] to be suppressed with respect to the gravitino mass{although not as
severely as in some gauge-mediated models [6]. However, in [5] a contribution was
omitted that generates, among others, the term found in [1, 2]. In this paper we
correct this omission. The additional correction is obtained by an analysis of the
superspace expression for the loop correction, as well as by an explicit calculation
using component elds and Pauli-Villars regularization. In these models the anomaly
associated with the Ka¨hler transformation (1) is explicitly canceled. Because Ka¨hler
and super-Weyl transformations are intimately connected in the Ka¨hler U(1) super-
space formalism [7] that we use, one might expect the mass term found in [1, 2] to be
absent in this class of models. However, this term has its origin in the running of the
couplings from the string scale to the condensation scale, and is therefore independent
of the string scale physics. In addition, we nd a contribution that depends on the
unknown couplings of matter elds in the GS term { a situation similar to the case
for scalar masses discussed in [5].
In the linear supermultiplet formulation the dilaton ` is the lowest component of





L = W αWα, −
(
D2 − 8 R
)
L = W _αW
_α
, L
∣∣∣∣ = `, (2)
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where the supereld R is related to elements of the supervielbein, W α is a Yang-Mills
supereld strength, and the summation over gauge indices is suppressed. The Bianchi
identity (








= total derivative (3)
follows immediately from (2). To describe gaugino condensation [8, 9], a vector mul-
tiplet V is introduced whose components include those of a linear multiplet L as well





V = U, −
(
D2 − 8 R
)
V = U, (4)
and are interpreted as condensate superelds for a strongly coupled (conned) hidden
Yang-Mills sector: U ’ (W αWα)h. With this construction the supereld U has the
correct Ka¨hler U(1) weight as well as the correct constraint, that is, the counterpart
of the Bianchi identity (3). This construction was generalized in [4] to the case of
several gaugino condensates, and it was found that the results are dominated by the














with Ca and C
A
a quadratic Casimir operators in the adjoint and matter representa-
tions, respectively. For this reason we include only a single condensate here. When
both the condensate and the weakly coupled, unconned Yang-Mills sectors are in-
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We consider a class of orbifold compactications with three untwisted moduli
chiral superelds T I and matter chiral superelds A. The Ka¨lher potential is








I jAj2 +O(4), gI = − ln(T I + T I), (7)
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where the parameters qAI are the modular weights of 
A, and the relevant part of the
Lagrangian is
Leff = L1 +
∑
a




d4θ E [−2 + f(V )] , k(V ) = ln V + g(V ), (9)
contains the kinetic energy terms for the dilaton, chiral and gravity superelds, as
well as the tree-level Yang-Mills terms. The functions f(V ), g(V ) parameterize non-
perturbative string eects. They satisfy the conditions
V g0(V ) = f − V f 0(V ), g(0) = f(0) = 0, (10)
which ensure that the Einstein term has canonical form [3], and that they vanish in
weak coupling limit: g2/2 = h`i = hV ji ! 0. The term




























is the generalization to supergravity [10, 11] of the Veneziano-Yankielowicz superpo-







eK/2W (α, T I) + h.c. (12)
is a superpotential for the matter condensates. In (11) CM+ refers to the conned
matter superelds A of the strongly coupled sector.








(WαPχ [fa(2χ)− Ba]W α)a + h.c., (13)
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in our notation,1 and Pχ is the chiral projection operator: PχW
α = W α, that reduces







gI + (Ca − CaM) k(V ) + 2
∑
A
CaA ln (1 + pAV ) ,






CAa , C = CE8 = 30, (15)
































govern the running of the gauge couplings from the string scale to the normalization
scale µ2 = − < 2 >. La and LV Y are anomalous under (1). This anomaly is canceled
by two counter terms: the GS term [17]
LGS =
∫














I jAj2 +O(4), (18)
1We set the background space-time curvature scalar r to zero throughout this paper. A term
proportional to rλλ would result in a contribution to the gaugino mass through a Weyl rescaling,
but we nd that such terms are suppressed by powers of µ−2 or m−2 where m is the Pauli-Villars
mass introduced below.
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and the term induced by string loop corrections [18]

















The parameters bIa vanish for orbifold compactications with no N = 2 supersym-
metry sector [19]. For a = +, the qAI are modular weights of the conned matter
superelds. Note that we have not introduced kinetic terms for the condensate su-
pereld; that is, we are treating the condensate as static. A dynamical condensate
has been studied [20] in the case of an E8 gauge group, and it was found that the
bound state masses are above the condensation scale; when these states are integrated
out the theory reduces to the static case considered here.
To evaluate the gaugino masses, we set all matter elds to zero in the vacuum:
< φA >=< Aj >= 0. First recall that \D-terms" like LGS and LKE can be cast in
the form of \F-terms" by integration by parts:
L =
∫






























∣∣∣∣ = −λλ, u = U ∣∣∣∣, M = −6R∣∣∣∣ = ( M), ` = V ∣∣∣∣,
tI = T I
∣∣∣∣, F I = −14D2T I







F 2 + iF  ~F
)
− Mλλ+ 2λi 6Dλ+    . (22)
For example,




















(W αWα)aVGS + V D2VGS
)







λi 6DλgI − λλF Ig0I
)
+ h.c. +    . (23)
The evaluation of the component form of L1 is rather involved and has been carried
out explicitly in [3, 4] neglecting the unconned Yang-Mills elds. To include the
latter terms we need only make the substitutions
u ! u−∑
a






















b+ hui = −3m ~G, (25)





(1 + `g0) (1 + b+`) uλλ+ h.c., (26)







is the tree-level eld theory coupling constant. The requirement that the vacuum
energy vanishes gives the condition [4]〈








so that, taking into account gauge coupling renormalization, one gets a contribution
to the gaugino mass [5]











where µc = juj 13 is the condensation scale in reduced Planck units. A gravitino mass
in the TeV range requires b+ ’ 1/30, so this contribution to the gaugino masses
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is quite small, although it is possible that two-loop renormalization eects between
the condensation scale and the weak scale can bring masses of this order within
experimental bounds [21].







f 0(2χ)2+R ff 0(2χ) + f 00(2χ)2gD2
]〉
. (30)
where  is chiral; only the rst term on the right hand side contributes to gaugino















































(3Ca − CM)b+ − (1 + b+`)[




























Ma = (1 + b+`)
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Next we explicitly calculate the gaugino masses using a Pauli-Villars (PV) regu-
larization that has been formulated [22] for supergravity Lagrangians with the dilaton
in a chiral multiplet. For present purposes, we need only consider the regulation of
loops containing gauge-charged elds. Because the results below depend only on the
Ka¨hler potential for the PV elds and their couplings to the GS term, it is straight-
forward to transcribe the analysis to the case where the dilaton is described by a
linear supermultiplet.
To regulate loop corrections to the Yang-Mills self-energy, one needs gauge-charged
PV chiral supermultiplets: ZA with signature ηA, that transform under gauge trans-
formations according to representations RA; YA with the same signature that trans-
form according to the conjugate representation RA; and 
a
α, with signature η
a
α, that
transforms according to the adjoint representation of the gauge group. In order

















ηaα = 3. (36)
The Ka¨hler potential for these elds takes the form (setting light gauge-charged elds

























gn(V )Gn(T )jnj2, (37)
The V -dependence of KPV requires an additional term LPV = ∫ d4θEfPV (V ) in the
Lagrangian, where fPV is related to KPV by the dierential equation in (10) that
relates f to g:
fPV (V ) =
∑
n
fn(V )Gn(T )jnj2, V g0n = fn − V f 0n, n = ZA, YA,aα. (38)
The component Lagrangian can be obtained following the methods outlined in [3].
As shown in [15], supersymmetry of the modular anomaly from eld theory quantum
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ηaα ln hα = k,
hn(V ) = fn(V ) + gn(V ). (39)
in agreement with the requirements for full one-loop regularization [22]. Among the
elds ZA there is a subset ~ZAα with the same modular weights and the same gauge
couplings as the light elds A. If the parameters pA in the Green-Schwarz term are


















α = −1. (40)





∣∣∣u(1 + b+`)− 4`W PV eK/2∣∣∣2
− 3
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∣∣∣b+u− 4W PV eK/2∣∣∣2 + K^n mF n F m, (41)
where












= Gnhn [1 + pn`] δn m, pn 6= ~Z = 0. (42)
The superpotential W PV contains quadratic terms in the PV elds that give their


























The rst term in this expression is independent of the PV Ka¨hler potential { i.e., of the
eective cut-os { and of the details of the supersymmetry breaking mechanism. It is
precisely the contribution found in [1, 2]. Here it arises from the presence of the Ka¨hler
potential in the condensate Lagrangian (11) as dictated by local supersymmetry. As
noted previously [23], the structure of this term embeds the evolution of the gauge
coupling constant from the string scale to the condensation scale. The PV Lagrangian




























In terms of the normalized elds nr = (K^
1
2 )nn





















where mn is the mass of 
n
r . The Feynman amplitude Fa = −i < λaRjLeff jλaL > for




































Using the constraints (36), (39) and (40), this reduces to the result found in (33).
Aside from the renormalization of the coupling constants, there are three contri-
butions from La in (35). The rst, proportional to b0a, gives a negligible correction to
(29). The second term modies the result (29) of [5] by a factor (neglecting b+`  .03)
ηa ’ (1− ba/b+) ’ [0.6, 1.1, 1.8] for Ga = [SU(3), SU(2), U(1)] , (47)
if we assume just the MSSM contribution to the β-functions. The third term depends
on the unknown parameters pA. It was found in [5] that the squark, slepton and Higgs
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masses ms also depend on these parameters. If the matter elds decouple from the
GS term, one has
pA = 0, ms = m ~G, (48)
and the full correction to the gaugino masses is given by (47). If the GS term is
proportional to Ka¨hler potential we get
pA = b, ms  10m ~G. (49)
Analyses of dynamical symmetry breaking in the MSSM favor smaller masses for
at least the stop and Higgs particles. Another possibility is that the GS term de-
pends only on the metric of the compact 6-manifold, in which case it couples only to
untwisted elds:
puntwA = b, m
untw
s  10m ~G, ptwA = 0, mtws = 0, (50)
resulting in a mass hierarchy among generations as has been proposed by some au-




a = 2, so in this scenario,
with n untwisted generations, the last term in (35) dominates, and one gets the
following gaugino masses at the condensation scale:
ma(µc)  −nαa(µc)b(1 + `b+)
pib+(1 + `b)




Finally, we address the generality of the result (34) in the broader context of
the class of string-derived models that we are considering. It would be modied if
modular invariance is broken by string nonperturbative eects, such as a moduli-
dependence of the functions g(V ), f(V ) as was found for a particular orbifold [25].
Modular invariance of the eective Lagrangian for the condensate ensures that the
moduli are stabilized at one of the two self-dual points in the fundamental domain:
tI = 1, eipi/6. Together with the condition that the vacuum energy vanishes, this
assures that their F-components vanish in the vacuum: < F I >= 0. The potential







j(1 + b+`) u+j2
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so the condition (28), responsible for the suppression of gaugino masses if pA = 0,
holds only to corrections of order (< F I >)2. If < F I > 6= 0, there are additional
corrections to gaugino masses from:
















Since the term in brackets vanishes at the self-dual points, both corrections are of
order (< F I >)2, and will be small if the moduli are stabilized near the self-dual
points. Moreover, the second contribution is absent in the Z3, Z7 orbifolds that appear
promising for model building [26]. The condition (28) provides several phenomeno-
logically desirable features [5] of our model, namely moduli masses much larger than
the gravitino mass:
m`  50mtI  103m ~G, (54)
and a suppression of the axion decay constant by a factor of about 50 with respect to
earlier estimates [27]. Moreover, the result that < F I >= 0 avoids a potential source
of unwanted flavor-changing neutral currents. A detailed analysis of the phenomenol-
ogy of this class of models will be given elsewhere [21].
In concluding, we wish to emphasize that the gaugino mass contribution equal
to m0 = β(g
2)m ~G/2g
2 is a model independent result in our Ka¨hler U(1) superspace
formalism, in agreement with the assertion made in [2]. In the formalism of [1], the
auxiliary eld of the supergravity multiplet diers from the eld M used here by a
Weyl rotation that depends on the Ka¨hler potential. As a result, the analogous term
that they nd is not model independent; for example they get no contribution in
no-scale models [28]. In our formalism, m0 in this case is exactly canceled by the
contribution from Ba in (13). Consider for example the simplest no-scale model with
Ka¨hler potential
K = −3 ln(T + T −∑
A
jAj2), < φA >= 0, < W > 6= 0, (55)
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the vacuum values satisfy
F TKT = −3eK/2W, Rj = 1
2
eK/2W, (57)




in agreement with [28]. We nd the same cancellation in a PV calculation for this
model.
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